Summary. -Hymenocallis littoralis growing in southern China has been recently extensively damaged by virus-like symptoms of necrosis, chlorosis, and ringspot. Of 44 plant samples collected from Yunnan, Guangxi, Guangdong, and Fujian provinces in southern China, 32 were infected with hippeastrum chlorotic ringspot virus (HCRV). Phylogenetic analysis based on the N gene divided the virus samples into two branches suggesting a geographic distribution attributed to the initial stage of a founder effect. The N gene was under purifying selection pressure and most of the deleterious mutants had been removed. Both the population dynamics and genetic analyses suggested that populations of HCRV in southern China are spreading.
Introduction
Hymenocallis littoralis (Amaryllidaceae) is a perennial herb (Qing et al., 2007) native to several tropical regions in the Americas. It is cultivated in China as a landscape plant in Yunnan, Guangxi, Guangdong and Fujian provinces. In 2013, a new tospovirus, hippeastrum chlorotic ringspot virus (HCRV), was identified on H. littoralis (Dong et al., 2013; Xu et al., 2013) . Tospovirus is the only genus in the family Bunyaviridae that infects plants. The virus systemically infects Cucumis sativus, Cucurbita moschata, Emilia sonchifolia, Hippeastrum striatum, H. littoralis, Lactuca sativa, Solanum lycopersicum, Phaseolus vulgaris, Tropaeolum majus, and Vigna unguiculata (Xu et al., 2013) . The main symptoms are concentric chlorotic rings, leaf malformation, and localized chlorosis and necrosis. This disease poses a serious threat to landscape plantings.
The whole genome of HCRV contains three RNA segments: S, M and L. The 2,724-nt S RNA segment encodes two proteins, a 444-aa non-structural protein (NSs) that is a genesilencing suppressor, and a 275-aa nucleocapsid protein (N) . N protein is the main viral ribonucleoprotein (Richmond et al., 1998) , is responsible for virus movement and is involved in homotypic interactions (Uhrig et al., 1999) in tomato spotted wilt virus (TSWV). The 4,741-nt M RNA also encodes two proteins: a 309-aa non-structural protein (NSm) that functions in cell-to-cell virus movement in plants, and a 1,130-aa glycoprotein precursor (Gn/Gc) (Xu et al., 2013) . The 8,909-nt L RNA encodes a 2,873-aa RNAdependent RNA polymerase (RdRp) (Xu et al., 2014) .
Since 2012, the incidence of tospovirus-like symptoms on H. littoralis in southern China has increased. We collected *Corresponding authors. E-mail: liuyating66@163.com; phone: +86-15394978096.
# These authors contributed equally to this work. Abbreviations: dN = non-synonymous substitutions; dS = number of synonymous substitutions; HCRV = hippeastrum chlorotic ringspot virus; H(s) = haplotype(s); Hd = haplotype diversity; K = average number of nucleotide differences; N = nucleocapsid; π = average pairwise nucleotide diversity; S = number of polymorphic sites; TSWV 111= tomato spotted wilt virus plant samples from Yunnan, Guangxi, Guangdong and Fujian provinces ( Fig. 1) and used a molecular population genetics approach to study the structure of HCRV in these areas.
Materials and Methods
Sample collection and preservation. We collected 44 samples of H. littoralis with typical symptoms of tospovirus infection between 2012 and 2013. Leaf symptoms included chlorotic mottling, concentric chlorotic rings, and marginal necrosis ( Supplementary  Fig.1 ). Lesions from infected leaves were placed in 1.5-ml centrifuge tubes and stored at -80°C. We used RT-PCR with tospovirusspecific primers (Supplementary Table 1 ) and identified HCRV in all symptomatic plant samples.
Total RNA isolation and cDNA synthesis. Approximately 100 mg of symptomatic tissue was collected from each plant sample and total RNA isolated using a TransZol Plant Kit (TransGen Biotech, Beijing, China) according to manufacturer's instructions. Total RNA was reverse transcribed as a template to synthesize first-strand cDNA using a PrimeScript TM II 1st strand cDNA Synthesis Kit (TaKaRa, Dalian, China) and random primers.
Sample identification. We used RT-PCR with tospovirus-specific primers (Supplementary Table 1 ) and identified HCRV in all symptomatic plant samples. The PCR system contained 0.25-0.5 µl cDNA (less than 100 ng), 0.5 µl forward and reverse primers (10 µmol/l), 5 µl 2×TransTaq High Fidelity (HiFi) PCR SuperMix II (TransGen Biotech, Beijing, China), and ddH 2 O to 10 µl. PCR reaction conditions were: initial degeneration at 94°C for 5 min; 35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for 10 min. PCR products (5 μl) were detected using 1.5% agarose gel electrophoresis. PCR fragments were gel purified using a multi-functional DNA purification recycling kit (centrifugal columns) (BioTeke Corporation, Beijing, China). The fragments were ligated into the pEASY-T1 vector (TransGen Biotech, Beijing, China) and transformed into Escherichia coli DH5α-competent cells. Positive colonies were selected using blue-white screening. After colony validation by PCR, the samples were sequenced by Beijing Genomics Institute (BGI, Shenzhen, China) and analyzed with the Basic local alignment search tool (Altschul et al., 1990) .
N gene amplifying, cloning and sequencing. The specific primers NP2-F (5'-CACAATAAACACACAAACA-3') and NP2-R (5'-CTTCCTAAGTAAACACCA T-3') were used to amplify the full-length HCRV N gene. PCR experiments were conducted as described above.
Recombination detection and phylogenetic tree construction. N gene sequences for HCRV isolates HLS1-2 (Acc. No. JX833564) and HCRV-ZDH-2007 (accession number KC290943) were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/) and analyzed together with the identified HCRV sequences. Recombination events were detected with the Recombination Detection Program, version 3.44 (Martin et al., 2010) . Phylogenetic trees were constructed using the maximum likelihood method and MEGA 6.0 software, version 6.0 (The Biodesign Institute, Tempe, AZ, USA) with each branch supported by a bootstrap of 1,000 replicates (Tamura et al., 2011) . Identification among the different isolates was calculated using Clustal X (Larkin et al., 2007) .
Genetic diversity and population dynamics analyses. Haplotype diversity (Hd), average number of haplotypes (h), average pairwise nucleotide diversity (π), average number of nucleotide differences (K) and number of polymorphic sites (S) were estimated using DnaSP, version 5.10.00 (Universitat de Barcelona, Diagonal, Barcelona, Spain) (Tajima, 1983) . Previous population dynamics of HCRV strains was analyzed from the N gene sequence using the Bayesian skyline plot in the program Beast, version 1.8.2 (http:// beast.bio.ed.ac.uk/). Bayesian skyline plot uses a Markov Chain Monte Carlo procedure to sample the distribution of generalized skyline plots. The effective population through time was generated and combined with the plot.
Selection pressure and positive selection site identification. We used DnaSP, version 5.10.00, (Tajima, 1983) to conduct interspecies neutrality tests using three site-frequency spectrum-based methods: Tajima's D (Tajima, 1989) test, and Fu and Li's D (Fu and Li, 1993) and F tests. Six selection-pressure models for the coding regions of amino acids were calculated using the codeml program of the Phylogenetic Analysis by Maximum Likelihood (PAML) software package, version 1.2 (UCL, London, England) (Yang, 2007) . The models were: M0 (one ω), M1a (nearly neutral), M2a (positive selection), M3 (discrete), M7 (nearly neutral with the beta distribution approximating ω variation), Isolates collected from Fujian Province, China. Ratio of the number of non-synonymous substitutions per non-synonymous site to the number of synonymous substitutions per synonymous site (dN/dS); 3 p* stands for the number (*) of parameters in different models; 4 In M0 vs M3 when df = 4, P = 5%, χ 2 = 9.49. In M1a vs M2a and M7 vs M8, when df = 2 and P = 5%, χ 2 = 5.99; 5 Naive Empirical Bayes (NEB) analysis, positively selected sites include those with P <95%.
Fig. 1
Location of the eight cities, from which plant samples were collected Kunming in Yunnan Province; Nanning in Guangxi Province; Guangzhou, Dongguan and Huizhou in Guangxi Province; and Xiamen, Fuqing and Fuzhou in Fujian Province. The numbers in parentheses indicate the number of samples collected from each city. and M8 (positive selection with the beta distribution approximating ω variation). The symbol "ω" is the ratio of the number of non-synonymous substitutions per non-synonymous site to the number of synonymous substitutions per synonymous site. The Likelihood Ratio Test was used to judge which modes were accepted between M1 and M3, M1a and M2a, and M7 and M8 (Yang et al., 2000) .
Results

RT-PCR amplification, cloning and sequencing
Among 44 samples of H. littoralis from eight cities (Fig. 1 ) tested using RT-PCR, 32 were infected by HCRV only, one by TSWV and HCRV, and one was infected by calla lily chlorotic spot virus (CCSV) and tomato zonate spot virus (TZSV). The full-length sequence of the HCRV N gene of the 32 isolates was 825 nt. The sequences were submitted to NCBI GenBank with Acc. Nos. KR361549 to KR361580 (Supplementary Table 2 ).
Phylogenetic analysis
No recombination events were detected in the N gene of these HCRV isolates using the Recombination Detection Program. Based on these 32 N gene sequences and the 2 reference sequences HLS1-2 and HCRV-ZDH-2007, a phy- logenetic tree was constructed (Fig. 2) . The results showed a mixed distribution with all isolates from Yunnan province plus two isolates from Fujian, FJ6 and FJ7, clustered in one branch. Other isolates from Guangxi and Guangdong Provinces and most of the isolates from Fujian Province were clustered in another branch. Some of the clades, however, suggested a geographic origin of isolates. For example, isolates from the Yunnan Province clustered in a single clade (Fig. 2) . The similarity analyses among isolates suggested similar results (Supplementary Table 3 ).
Analysis of genetic diversity within populations
The genetic diversity among isolates from different provinces was separated and evaluated. We verified that the diversity of HCRV was increasing by analyzing nucleotide and haplotype diversities (Grant and Bowen, 1998) . Our results (Table 1 ) detected 30 haplotypes: 9 in Yunnan Province, 8 in Guangdong Province, 7 in Guangxi Province, and 6 in Fujian Province. The estimated values of the haplotype diversities of the isolates from each province were from 0.945 to 1.000. The estimated values of the nucleotide diversities were between 0.00394 (Guangxi Province) and 0.01720 (Fujian Province). The average number of nucleotide differences (K) was between 3.250 (Guangxi Province) and 14.190 (Fujian Province). The number of polymorphic sites was between 9 (Guangxi Province) and 32 (Fujian Province).
These results indicated that the genetic diversity within the HCRV population in 2012-2013 was high.
Analysis of HCRV population dynamics
Population dynamics was analyzed using a Bayesian skyline plot based on N gene sequences from the HCRV isolates. According to the plot analysis, the diversity of the HCRV population remained stable or at a low level before 2008, but its size increased after 2008 and reached a high level in 2012-2013 (Fig. 3) .
Determination of selection pressure
Tajima's D test and Fu and Li's D and F tests detected nucleotide polymorphisms in the genome. Test values for the N gene from the Yunnan, Guangxi and Guangdong isolates were negative among geographic locations and isolates from Fujian were greater than 0 (Table 1) . However, the differences were not statistically significant (P >0.10).
We calculated the parameters of the M0, M1a, M2a, M3, M7 and M8 models using the codeml program in PAML based on the sequence of the HCRV N gene. According to the related parameters of the M0 vs. M3, M1a vs. M2a, and M7 vs. M8 models, the lnL values of the positive selection models (M2, M3 and M8) were significantly greater than the values in the corresponding null hypothesis models (Chen Fig. 3 Bayesian skyline plot of HCRV The black line represents the number of infections estimated by the N gene and the region between blue lines represent the N gene at a 95% highest probability density confidence limit. . The 2ΔlnL values of models M0 vs. M3 were lower than 9.49, so model M3 was discarded. However, the 2ΔlnL of M1a vs. M2a and M7 vs. M8 were lower than 5.99, so models M2 and M8 were rejected. These results suggested that most of the HCRV N-gene sites underwent purifying selection pressure.
Discussion
Eleven Tospovirus species have been reported in China (Chen et al., 2007; Ding et al., 2007; Dong et al., 2008 Dong et al., , 2010 Gu et al., 2012; Liu et al., 2010 Liu et al., , 2012 Meng et al., 2013; Rao et al., 2013; Xu et al., 2013; Cheng et al., 2014) . Of these, tomato zonate spot virus (Dong et al., 2008) , HCRV (Xu et al., 2013 (Xu et al., , 2014 Mulberry vein banding virus (Meng et al., 2013) and tomato necrotic spot virus (Cheng et al., 2014) were first identified on mainland China. About 73% (32/44) of the H. littoralis samples with tospovirus-like symptoms we collected in southern China tested positive for HCRV.
Tsompana and others (Tsompana et al., 2005) studied the molecular population genetics of the TSWV genome and found that its geographic structure may have been attributed to founder effects. A founder effect is the loss of genetic variation that occurs when a new population is established by a small number of individuals from a larger population (Templeton, 1980) . Founder mutations begin when changes in the DNA are passed down to other generations. The ultimate example of the founder effect in a phylogenetic tree occurs when its structure matches the organism's geographic distribution (Templeton, 1980) . The structure of the phylogenetic tree in this study suggested a geographic distribution of HCRV. Some of the branches were mixed, and these inconsistencies in the tree's structure may have been caused by unknown events such as the introduction of infected H. littoralis from another area. Similar to the research on TSWV, some geographically related isolates of HCRV may be in the initial stages of the founder effect. Results of the selection analysis suggested that the HCRV N gene has undergone a purifying selection pressure.
We detected a neutral equilibrium among the N genes of HCRV isolates from each province, with a high haplotype diversity and low nucleotide diversity. Tajima's D test and Fu and Li''s D and F tests of isolates from Yunnan, Guangxi and Guangdong provinces had negative values. This may have been due to background selection, genetic hitchhiking, or a population expansion effect. Generally, background selection and genetic hitchhiking affect a relatively small portion of genome sites. Since multiple sites produced negative values, however, this may indicate a population expansion among the collected isolates (Tajima, 1983; Hey and Harris, 1999) .
Our analysis of the population dynamics of HCRV in the southern provinces of China suggested that the spread of the virus coincides with an increase in the building of cities. This construction was accompanied by landscaping projects and green areas, in which H. littoralis was a popular landscape plant. These infected plants are now a reservoir of the disease and threaten landscape plantings and agriculture.
